Committed granulocyte-macrophage progenitor cells are heterogeneous and enhanced responses might occur if certain cells responded exclusively to one CSF or required stimulation by more than one CSF. However, in general, most of these progenitor cells are probably responsive to all four CSFs and any observed enhancement would be the result of a combined action on the same responding cells. Most blast cells, the morphologic population including most progenitor cells, exhibit receptors for all four C S F S .~~-'~ Similarly, clones initiated by GM-CSF, M-CSF, or Multi-CSF usually can be stimulated to further proliferation when transferred to cultures containing another of these CSFS.~ On the other hand, certain evidence suggests that the action of CSF combinations on committed progenitor cells might sometimes result in inhibitory effects. The CSFs are capable of trans-downmodulating receptors for other CSFs on the same cells.14 It remains uncertain whether the net consequence of this downmodulation results in signaling from, or silencing of, the involved receptor. At least on human cells, the receptors for GM-CSF and Multi-CSF share competitively a common receptor subunit needed for the high-affinity state and signaling.*5J6 The combination of GM-CSF with M-CSF in cultures of normal mouse marrow cells has been reported to lead to a reduction in the number of macrophage colonies devel~ping.~J~
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The present studies were undertaken to determine in detail the effects of the various possible combinations of the CSFs on murine marrow cells and to examine in particular the interactions between GM-CSF and M-CSF on normal murine marrow cells. number of pure macrophage colonies was observed together with a change in the morphology of those colonies that did develop. Recloning studies on macrophage colonies showed that the inhibitory action of the GM-CSF plus M-CSF combination was a direct one on the colony cells. The example of inhibition observed suggests that combined stimulation by two positive growth factors can sometimes result in a selective reduction of the production of certain cells, a possibility needing further exploration. 8 1992 by The American Society of Hematology. 
MATERIALS AND METHODS

Cultures
RESULTS
Effects of CSF combinations on normal marrow cells. When combinations of two, three, or four CSFs, each at a final concentration of 416 U/mL, were used to stimulate cultures of normal mouse BM cells, the numbers of colonies developing were subadditive compared with colony numbers stimulated by each CSF alone, a finding that became obvious with the use of combinations of three and four CSFs (Table 1) .
To minimize errors due to colony overlap, further studies on the effects of CSF combinations on colony size and morphology were restricted to cultures prepared using only 10,000 cells/mL. As is shown in the example in Table 2 , each of the CSFs alone stimulated a pattern of colony formation in agreement with previous descriptions. G-CSF stimulated the formation of relatively small numbers of mainly granulocytic colonies and M-CSF stimulated the formation of mainly macrophage colonies. With the neonatal calf serum used in these cultures, the M-CSF-stimulated The cultures contained 10,000 C57BL marrow cells and were stimulated by 416 U/mL (final concentration) of each CSF used. After 7 days of incubation the absolute number of each colony type was determined from total colony counts on unstained cultures (verified by counts on the stained preparation) and differential colony counts on all colonies in at least two cultures.
Abbreviations: G, granulocyte; GM, granulocyte-macrophage; M, macrophage; Eo, eosinophil; Meg, megakan/ocyte. macrophage colonies were most often compact or a multicentric collection of tightly packed cells, rather than the diffuse macrophage colonies often seen in culture. GM-CSF and Multi-CSF stimulated the formation of granulocyte, granulocyte-macrophage, and macrophage colonies, together with some eosinophil colonies. With the concentration of GM-CSF used no megakaryocyte colonies were observed, but low numbers of megakaryocyte colonies were observed with Multi-CSF. In these experiments, no cultures contained added erythropoietin, so erythroid colonies were not observed with either GM-CSF or Multi-CSF.
This basic pattern of colony formation was confirmed in replicate experiments using cultures of 10,000 or 25,000 marrow cells and, with more difficulty because of higher colony numbers, in cultures of 50,000 marrow cells.
In cultures of 10, OOO marrow cells stimulated by combinations of two or more CSFs there were two consistent findings: (1) In no case did a CSF combination excluding Multi-CSF result in the formation of multipotential colonies containing granulocyte and/or macrophage cells combined with, for example, eosinophils or megakaryocytes; (2) In any combination that included M-CSF plus GM-CSF there was a selective reduction in the absolute numbers of macrophage colonies developing compared with macrophage colony numbers stimulated by M-CSF alone (Table  2) . With respect to the latter phenomenon, in any combination that included M-CSF plus GM-CSF there was an almost complete failure of compact or multicentric macrophage colonies to develop and those macrophage colonies that did develop were dispersed in morphology and usually small in size.
In sharp contrast to the suppression of many macrophage colonies seen in cultures containing CSF combinations that included M-CSF plus GM-CSF, the same cultures showed the development of a small number of very large colonies composed either of a dispersed population of macrophages or of a tight center of granulocytic cells with a large corona of granulocytes and macrophages. These giant colonies comprised only up to 15% of total colonies (Table 3) , but their frequency and size increased progressively when increasing numbers of CSFs were combined. The presence of both M-CSF and GM-CSF was not mandatory for giant colony formation, but at least one of these was necessary in the CSF combination, with M-CSF appearing to have the more powerful action. In cultures containing Multi-CSF combined with other CSFs some of the giant colonies were composed wholly of granulocytic cells. The presence of these very large colonies contributed significantly to the overall increase in mean colony size observed in cultures stimulated by CSF combinations, as many of the other colonies were no larger than in cultures stimulated by single CSFs (Table 3) .
Size of colonies developing with CSF combinations versus higher concentrations of single CSFs. If a final common pathway exists for mitotic signaling from occupied CSF receptors of different types, it could be argued that because of the similar specific activities of the CSFs (about lo8 U/mg) a combination of two CSFs might merely induce the same level of cellular proliferation as could be induced by the use of double the usual concentration of any one CSF. A typical example of an experiment to explore this possibility is shown in Table 4 . It is evident that a mixture of two CSFs did result in a somewhat larger mean colony size than achievable simply by doubling the concentration of either CSF. It was also notable in these experiments that increased concentrations of single CSFs did not result in the formation of giant colonies and that these were only observed where CSF combinations had been used.
M-CSF G-CSF GM-CSF
Analysis of the suppression of macrophage colony formation by M-CSFplus GM-CSF. To determine whether the suppressive effects of the combination of M-CSF plus GM-CSF on macrophage colony formation were a consequence of the direct action of the factors on macrophage colony cells, individual macrophage colonies, grown using stimulation by lo3 U of M-CSF or GM-CSF, were resuspended in agarmedium. Each suspension was then recultured in three pairs of duplicate cultures stimulated by lo3 U M-CSF, lo3 U GM-CSF, or lo3 U M-CSF plus lo3 U GM-CSF. After incubation for 7 days, these secondary cultures were scored for clonogenic cells. In this analysis, it was noted that few 7-day macrophage colonies contained cells able to form a colony of more than 50 cells, so a special cutoff limit of 30 cells was used in enumerating clones.
Ninety M-CSF-initiated macrophage colonies were analyzed and typical data from one group of 30 of these are shown in Fig 1. All colonies contained some clonogenic cells detectable with M-CSF but, in the same colonies, relatively few cells responded to stimulation by GM-CSF. Combination of the two stimuli resulted in a consistent reduction of the number of clones developing compared with the number able to be stimulated by M-CSF alone. The failure of GM-CSF alone to stimulate many of the clonogenic cells cannot be interpreted as lack of responsiveness of these cells to GM-CSF because GM-CSF in combination with M-CSF had a strong influence on most of these cells.
In the converse series, 90 GM-CSF-initiated macrophage colonies were recultured and representative data from 30 of these are shown in Fig 2. These colonies contained fewer clonogenic cells than M-CSF-initiated macrophage colonies, but GM-CSF was a more effective proliferative stimulus than for M-CSF-initiated colony cells. Even so, for most colonies, M-CSF stimulated the formation of more clones than GM-CSF. Again, for the majority of colonies, the combination of M-CSF plus GM-CSF stimulated the formation of fewer clones than one or other of the CSFs when acting alone.
Parallel counts of clones of all sizes greater than 3 cells in these secondary cultures showed that the combination of M-CSF plus GM-CSF reduced total clone numbers to the same degree as shown in Figs 1 and 2 for clones of more than 30 cells. These secondary cultures showed two consistent features of interest. M-CSF-initiated macrophage colonies were tight, whereas those initiated by GM-CSF were dispersed. Regardless of the type of colony recultured, the same morphologic difference was observed between the secondary clones-those stimulated by M-CSF were tight and those stimulated by GM-CSF were usually dispersed. In secondary cultures containing M-CSF plus GM-CSF, the macrophages present in those clones that did develop had an abnormally bulky cytoplasm with multiple rounded projections, indicating a marked action of the combined stimulus on the morphology of these clonally pure macrophages during the secondary incubation period.
With both types of primary macrophage colonies, a few examples were encountered in which the use of the combination of M-CSF plus GM-CSF enhanced clone numbers or size. Two examples of this are shown in the data in Fig 2. These colonies may be examples of the occasional colonies noted in Table 3 that exhibit marked potentiation by this combination, although the actual size of the colonies concerned at the time of recloning did not differ from the others.
DISCUSSION
Although enhanced proliferation was observed in mouse BM cultures after the use of CSF combinations, the magnitude of the enhancement was not large compared with that observable with combinations of CSFs and stem cell factor.1°J8 This was due in part to the use of a fixed protocol with relatively high CSF concentrations, because combinations of lower concentrations more readily demonstrate proliferative enhancement. The results from the use of CSF combinations to stimulate colony formation by normal mouse BM cells proved complex and, in one instance, discordant. Most combinations of CSFs failed to stimulate the formation of additive colony numbers. This finding suggests that there must be a major overlap, at least in murine marrow cells, of the progenitor populations responding to individual CSFs. This supports earlier data on CSF receptor d i~t r i b u t i o n~~-'~ and the results of reciprocal clone transfers,2 which also suggested a major overlap in the progenitor cells responding to the individual CSFs. Because CSF combinations in general failed to induce additional cells to become clonogenic, it can also be concluded that most committed progenitor cells in the lineages studied respond to, and can be shown by, stimulation using single factors. This differs from the situation emerging from an analysis of stem cell populations in which combinations of growth factors are necessary to stimulate clonal proliferation by most cells. [8] [9] [10] The present data also exclude the possibility that CSF combinations might induce significant numbers of less mature precursor, and otherwise nonclonogenic, cells in agar cultures of normal mouse marrow to transform to granulocytemacrophage progenitor cells.
Furthermore, most progenitor cells generating granulocyte-macrophage colonies seem to be genuinely restricted in lineage potential or else certain of the CSF combinations including GM-CSF or Multi-CSF should have permitted them to express their multilineage potentiality. The giant colonies arising in cultures containing CSF mixtures were unusual in appearance and, on analysis, have been found to contain significant numbers of progenitor cells (D. Metcalf, unpublished data, July 1991) . It is possible that the clonogenic cells forming these colonies are more ancestral than the majority of committed granulocyte-macrophage progenitor cells and, like stem cells, they may require double signaling before proliferation is initiated.
The suppressive effect on macrophage colony formation occurring when GM-CSF is combined with M-CSF confirms earlier observations2J7 and is curious because both CSFs are capable, when acting alone, of stimulating macrophage colony formation. Recloning studies on 7-day macrophage colonies showed that the combined stimuli directly suppressed the clonogenic proliferation both of M-CSF-and GM-CSF-initiated clonogenic cells without the interaction of other cell types. The suppression was associated with a marked morphologic change in the macrophages with increased cytoplasmic size and the suppression may be based on the enforced premature maturation of the clonogenic cells, when these two macrophage-active CSFs act simultaneously on the same cell.
An incidental observation of interest in these recloning studies was that the distinctively different shape of macrophage colonies elicited by M-CSF and GM-CSF was not due to the involvement of different subsets of progenitor cells and did not involve the induction of irreversible phenotypic changes in the cells. The morphology of the secondary clones was dependent on the CSF used in the secondary cultures, even when the cells were derived from the same primary colony-whether compact or dispersed. The failure of compact, multicentric macrophage colonies to develop in primary cultures containing M-CSF plus GM-CSF appears, therefore, to be due both to the partial suppression of clonogenic proliferation by this combination and to the fact, shown in the recloning studies, that those clones that do proliferate with this combination are usually dispersed in morphology.
It remains unclear why the effects of combination of M-CSF with GM-CSF should be partially suppressive on macrophage colony formation in cultures of mouse cells yet can be strongly enhancing in corresponding cultures of human cells.19 However, it needs to be emphasized from the present data on mouse cells that there is an overall stimulation of cell production by combining M-CSF with GM-CSF due in part to certain granulocyte and macrophage progenitor cells being very strongly stimulated by the combination. Cells of the latter type may correspond more closely to those in human cultures.
The in vitro results using CSF combinations support the likely utility of using CSF combinations clinically to enhance hematopoiesis. However, the occurrence of at least one instance of a suppressive interaction indicates the need for further in vitro studies of the present type to establish in detail the likely consequences on proliferation, maturation, and functional activity of hematopoietic cells after stimulation by CSF combinations in patients. 
